link lesions (12, 13) . The proposed mechanism argues that Pol h selects correct dNTPs not by shape but by hydrogen bond complementarity, which is consistent with previous biochemical observations (14) .
To gain further insight into the biochemistry of the bypass reaction we analyzed a sitedirected mutant of Pol h. Arg73 seems to activate and stabilize the dNTP for the lesion bypass steps. The guanidinium group stacks on top of the base moiety of the incoming dNTP (15) , which is important for the correct positioning of the dNTP (Fig. 3B ). Arg73 is highly conserved among Pol h homologs but not among other Y-family polymerases (Fig. 4A ). We mutated Arg73 to leucine ( fig. S8 ) and found that Pol hR73L (Pol h*) still can replicate undamaged templates (Fig. 4C , h*), although the polymerization efficiency is substantially reduced. Pol hR73L is able to perform the first bypass step slowly, in comparison with the wild-type enzyme (Fig. 4D , h*), whereas the second step of lesion bypass is strongly compromised. The same biochemical properties are observed with CPD lesions ( fig. S7) , showing that the function of R73 is generally required for the replication through intrastrand cross-links (16) .
These four crystallographically analyzed complexes, together with the biochemical data, provide a step-by-step picture of the lesion bypass process. This information may lead to new cisplatin derivatives able to escape translesion replication in order to overcome tumor resistance in cisplatin chemotherapy. M odular polyketide synthases (PKSs) are large biosynthetic machines that assemble structurally diverse secondary metabolites with a broad spectrum of biological activities. Multifunctional enzymes catalyze programmed metabolic pathways to assemble short-chain acyl-CoA building blocks into complex polyketide products by one step of chain initiation, followed by multiple steps of chain elongation and processing. Polyketide chain elongation steps are catalyzed by extension modules that are minimally composed of (A) Sequence alignment of S. cerevisae, human and mouse Pol h, DPO4, and human Pol i showing that R73 is conserved in Pol h homologs. Secondary structure elements are a rectangle for a helix and arrows for b strands. (B) DNA sequences used for primer extension studies and for the crystallization of the first bypass step (CP1) and the second bypass step (CP2). The sites of the lesions are indicated in red. (C) Time-dependent primer extension studies with Pol h (h) and Pol hR73L (h*), using the same template and primer strands used for crystallization but without the site-specific cisplatin lesion. (D) Time-dependent primer extension studies with Pol h (h) and Pol hR73L (h*) with the same template and primer strands as in 4C but with a site-specific cisplatin lesion.
three essential domains-ketosynthase (KS), acyltransferase (AT), and acyl carrier protein (ACP)-plus auxiliary processing domains (e.g., ketoreductase, dehydratase, and enoyl reductase). As in fatty acid synthases (FASs), PKSs catalyze chain extension by a decarboxylative condensation reaction. Polyketide chain initiation is catalyzed by a "loading module" that, in all characterized PKSs, consists of domains homologous with domains of the minimal extension module. A loading acyltransferase domain (AT L ) uses an acyl-CoA substrate to load an adjacent ACP domain (ACP L ). Typically, the AT L substrate is an a-carboxylated acyl-CoA, like the substrate for chain extension, and acyl transfer is followed by decarboxylation by a "KS Q " domain within the loading module (1, 2) . Alternatively, in the well-studied erythromycin PKS, a trans-acting methylmalonyl-CoA decarboxylase acts on a-carboxylated acyl-CoA before acyl transfer by AT L (3, 4) .
Curacin A, a marine cyanobacterial metabolite from L. majuscula, is a mixed-polyketide nonribosomal-peptide natural product with potent antiproliferative and cytotoxic activity against colon-, renal-, and breast-cancer-derived cell lines (5) . The recent identification and partial characterization of the biosynthetic pathway for curacin A (6) revealed an atypical loading module, in which only the ACP L resembled typical PKS domains. Similar loading modules also occur in the biosynthetic pathways for pederin (7), its structural analogs onnamide and theopederin (8) , myxovirescin A (9), and rhizoxin (10) . In these natural product biosynthetic gene clusters, the chain initiation modules are structured as an N-terminal~180-amino acid region of unknown function [adapter (AR) domain, not present in OnnB for onnamide], a variable-length linker region, GNAT L , and ACP L (Fig. 1) . The predicted function of all of these GNAT L -containing modules was to load an acetyl group onto the PKS assembly line (6-10), but the mechanism of this process remained unclear.
GNAT is a superfamily of N-acyltransferase enzymes that catalyze acyl transfer to a primary amine and function in diverse pathways in prokaryotes and eukaryotes, including antibiotic resistance, gene regulation, and hormone synthesis (11, 12) . Typically, prokaryotic and eukaryotic GNATs have separate binding sites for the acyl donor and acceptor substrates and catalyze direct acyl transfer in the absence of a covalent intermediate on the enzyme (11) . GNATs are mechanistically and structurally distinguished from the PKS and FAS AT domains that function as S-acyltransferases, use a covalent enzyme intermediate, and belong to the a/b hydrolase superfamily (13) (14) (15) (16) . Thus, acyl transfer to an ACP thiol group represents an unprecedented reaction for GNAT enzymes.
To investigate the atypical PKS chain initiation process, we cloned and overexpressed fragments of curA encoding the N-terminal tridomain, AR-GNAT L -ACP L . Several expression constructs were made to include the three components in various combinations ( Fig. 2A  and fig. S1 , A and B). Constructs containing ACP L were generated in holo form by coexpression with a plasmid encoding phosphopantetheinyl transferase (Sfp) from Bacillus subtilis (17); without this plasmid, Escherichia coli produced ACP L in the apo form. All constructs lacking the AR domain were readily produced as soluble polypeptides, but those including AR (AR-GNAT L and AR-GNAT L -ACP L ) had substantially decreased solubility, and the excised AR domain was not obtained in soluble form under any conditions tested. Solubility was substantially greater for the AR-GNAT L -ACP L (holo) tridomain than for the apo counterpart ( fig. S1A) , suggesting that the phosphopantetheine (PPant) arm of ACP L (holo) stabilizes the AR domain. The 63.3-kD AR-GNAT L -ACP L polypeptide is monomeric ( fig. S1C) .
To assess the initiation behavior of the CurA starter unit, we treated the apo and holo forms of the CurA tridomain (AR-GNAT L -ACP L ) and didomain (GNAT L -ACP L ) with radiolabeled acyl-CoAs and analyzed protein radiolabeling by SDS-polyacrylamide gel electrophoresis (PAGE) (Fig. 2B) . The holo forms of both the tridomain and didomain incorporated the radiolabel, whereas the apo forms were not labeled, indicating transthioesterification of the acyl group from CoA to the PPant arm of ACP. Thus, the N-terminal domains of CurA catalyze acyl loading, and additional proteins are not required. Lack of radiolabeling of the apo forms also indicates that loading does not proceed through a covalent enzyme intermediate, which is consistent with the direct-transfer mechanism established for other GNAT family members (3, 11) . This is in contrast to the "canonical" PKS loading module, typified by 6-deoxyerythronolide B synthase (DEBS) AT L -ACP L (3), in which a covalent intermediate is observed for the apo form (Fig. 2B) . The ability of the GNAT L -ACP L (holo) didomain to load an acyl group demonstrated that the catalytic machinery for chain initiation resides within the GNAT L domain and not within the AR domain, which is also supported by the fact that selected mutations within GNAT L affected the loading behavior of AR-GNAT L -ACP L both in cis ( fig. S2 ) and in trans ( fig. S6 ). However, the increased level of acyl-group loading activity by the AR-GNAT L -ACP L (holo) tridomain (Fig. 2B and fig. S3 ) suggests that AR is required for efficient acyl transfer. Unexpectedly, both malonyl-CoA and acetyl-CoA functioned as substrates for the AR-GNAT L -ACP L (holo) tridomain with similar efficiency (fig. S2) .
To further investigate the CurA AR-GNAT L -ACP L tridomain components, we analyzed the products that were covalently tethered to the PPant arm of ACP L . We interrogated mass changes on AR-GNAT L -ACP L for in cis acyl-group transfer Fig. 1 . Initiation modules containing GNAT L and compounds produced by the PKS pathways. All GNAT Lcontaining modules are predicted to catalyze the loading of an acetyl group. Because of the high similarity of pederin, onnamides, and theopederin, only onnamide A is shown as the prototype example.
www.sciencemag.org SCIENCE VOL 318 9 NOVEMBER 2007 or by using the excised ACP L as the in trans acylgroup acceptor (Fig. 2C) . Excised ACP L and trypsin-digested AR-GNAT L -ACP L samples were examined by Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) and infrared multiphoton dissociation (IRMPD) methods (18 (19) . Notably, for both malonyl-CoA and acetyl-CoA substrates, only an acetyl group was detected on the PPant arm of AR-GNAT L -ACP L (holo) (Fig. 2C and  fig. S3 ) or ACP L (holo) (Fig. 2D and fig. S4A ). Thus, the CurA GNAT L loading module catalyzes both decarboxylation and acyl transfer of carboxyl-acyl-CoA substrates. These data reveal a gain-of-function for a GNAT-type polypeptide, as well as a divergence from all other characterized PKS loading modules, in which the acyl transfer and decarboxylation are catalyzed by separate domains (1, 4) . , which is about sixfold and~49-fold higher than those values for methylmalonyl-CoA and malonyl-ACP L , respectively. Similarly, the catalytic efficiency, k cat /K M (where K M is the MichaelisMenton constant), for malonyl-CoA was~5.25 mM
, which is about threefold and about sixfold higher than those values of methylmalonylCoA and malonyl-ACP L , respectively.
With clear evidence for a relatively rapid decarboxylation step catalyzed by GNAT L , we sought to measure the rate of acyl loading by AR-GNAT L -ACP L . We determined the in cis acetylgroup transfer rate of AR-GNAT L -ACP L (holo) by using [1- (table S1 ). The k cat or K M values for acetyl-group transfer were similar for acetyl-CoA and malonyl-CoA substrates. In contrast, the k cat for acetyl-group transfer was~780-fold slower than the k cat for decarboxylation of malonylCoA, suggesting that decarboxylation and acetylgroup transfer are separated by a slow tridomain conformational change that leads to effective binding of the ACP L PPant arm in the active site (k 2 in fig. S7 ). Taken together with the decarboxylation kinetic data, these results confirm that malonyl-CoA decarboxylation precedes acetyl-group transfer to ACP L (holo). In addition, the apparent K M of acetyl-CoA or malonyl-CoA for acyl transfer is 80-to 90-fold lower than the K M of malonyl-CoA for decarboxylation and is dependent on the ratio of rate constants (k 1 to k 6 in fig. S7 ).
Because previously described GNAT enzymes catalyze various N-acetylation reactions, we tested whether CurA GNAT L retained a similar residual activity. We synthesized a CurA ACP L -PPant analog bearing a terminal NH 2 in place of native (holo) ACP L -SH (refer to the supporting online material) and tested it for in trans acetyl-group transfer catalyzed by AR-GNAT L -ACP L (apo) to excised CurA (holo) ACP L -NH 2 (monitored by FTICR-MS). A convenient internal standard was supplied by low levels of ACP L -SH in the ACP L -NH 2 preparation (Fig. 2D) , likely resulting from the activity of endogenous E. coli ACP synthase or EntD (20) . In contrast to the significant level of acetyl loading on ACP L -SH (Fig. 2D) , only a trace amount of acetyl-NH-ACP L was detected. In addition, simple alkyl amines (e.g., ethylenediamine and butylamine) were tested as substrates for acetyl-group transfer by CurA GNAT L , but no N-acetyltransferase activity was detected for any of them. Thus, the N-acetyltransferase activity typically associated with GNAT enzymes is almost completely attenuated in the CurA AR-GNAT L -ACP L chain initiation module.
To advance our understanding of GNAT L function and to identify active site residues, we determined the crystal structures of the excised CurA apo GNAT L (ligand-free) domain and of the corresponding GNAT L with added malonylCoA (table S2) . GNAT L (CurA residues 219 to 439) has the GNAT superfamily fold, consisting of a central, mostly antiparallel b sheet flanked by a helices (Fig. 3A) (11, 12) , and is most similar to serotonin N-acetyltransferase (root mean square deviation = 1.9 Å for 160 Ca atoms) (21) .
The crystal structures of CurA GNAT L provide key insights into the function of this distinctive member of a large and ubiquitous protein family. Two tunnels from opposite faces of the protein converge at a position corresponding to the active sites of homologous GNATs (Fig. 3B) . Presumably, these tunnels are the binding sites for the PPant arms of the CoA and ACP L substrates. To distinguish the two tunnels, we soaked crystals of GNAT L with malonyl-CoA (table S2). New electron density was observed in only one tunnel: the CoA-binding tunnel ( fig. S8 ). The location of this tunnel and the mode of CoA binding, in which the nucleotide lies in a surface cleft and the PPant arm extends into the tunnel, are consistent with structures of other members of the GNAT superfamily (11, 12) . In CurA GNAT L , selectivity for CoA over ACP L is imparted by a 5′-diphosphate-binding loop (residues 327 to 332) and by Arg 387 recognition of the 3′-phosphate. Neither of these recognition features exists in FeeM, a GNAT superfamily member that uses an acyl-ACP donor substrate (22) . Compared with the strong density for the CoA nucleotide, density for the PPant arm was weaker and indicative of multiple conformations, perhaps as a result of the presence of both the malonyl-CoA substrate and the acetyl-CoA decarboxylation product in the crystal. No new electron density was observed in the second tunnel, which we designate the ACP Lbinding tunnel. The side chain of conserved Arg 404 forms one wall of the putative ACP L -binding tunnel (Fig. 3C and fig. S9 ), and a series of water molecules extending to the protein exterior forms the opposite wall. The designated ACP-binding tunnel overlays well with the acetyl-group acceptor site in other GNATs, is well-matched in length to the fully extended PPant arm of holo-ACP L (~15 Å), and likely forms the ACP L PPant armbinding site (Fig. 3B) . The two tunnels meet at conserved Trp
249
, just as many other GNAT family members have their two binding sites separated by an aromatic residue ( Fig. 3B and fig. S9 ).
We searched for potential catalytic residues for decarboxylation and found , we assayed H389A, H389N, and T355V variant proteins for decarboxylase and acetyltransferase activity (table S1). Decarboxylation was severely impaired by substitutions at either site. Specifically, the His 389 and Thr 355 variants resulted in at least 100-fold reduction in k cat for decarboxylation of malonyl-CoA to acetyl-CoA and in relatively modest changes to K M values. In contrast, substitutions at His 389 and Thr 355 had only modest effects on acetyl-group transfer activity, demonstrating that these residues do not play a critical role in acetyl-group transfer.
Based on mutagenesis results and on modeling the PPant arms of acetyl-CoA and ACP L (Fig. 3C and fig. S8) Based on the studies described above, the mechanism of CurA AR-GNAT L -ACP L is proposed to involve a series of acyl-CoA-protein, protein-protein, and protein-PPant arm interactions (Fig. 4 and fig. S7 ) that mediate the distinctive bifunctional decarboxylase/S-acetyltransferase activity. It is likely that other presently unrecognized GNAT members will be found with unexpected biochemical properties or that previously identified proteins will be grouped within this large family. For example, the eryM-encoded methylmalonyl-CoA decarboxylase (4) has not been the subject of structural analysis, but comparative amino acid sequence analysis now predicts that it contains the GNAT scaffold.
An important outcome of the current work is the realization that GNAT L -containing modules are not uncommon among previously characterized natural product biosynthetic gene clusters and are well-represented within bacterial genome sequences. This metabolic strategy thus represents an additional widely used chain initiation process for assembly of important biologically active small molecules. At a comparative level, the CurA GNAT L has a significantly slower S-acetyltransferase activity than the erythromycin PKS AT L . However, L. majuscula has a relatively slow growth rate in the marine environment as well as in culture (i.e., doubling time of~10 days) (23) and a correspondingly low production of curacin A per unit biomass as compared with yields of other microbial natural products [e.g., erythromycin via the DEBS aglycone intermediate by Saccharopolyspora erythraea (24) ]. Thus, the curacin A PKS assembly line has evolved under environmental constraints and organismic needs that reflect its reduced efficiency.
The work described in this report provides clear evidence for an unprecedented bifunctional decarboxylase/S-acetyltransferase role for the CurA GNAT scaffold, which substantially broadens the chemical reaction inventory of this well-known protein superfamily. The method of PKS chain initiation described here enables malonyl-CoA to serve as the sole precursor to both initiate and extend the carbon chain of curacin A. Moreover, by virtue of the greater rate of acetate versus propionate transfer to ACP L www.sciencemag.org SCIENCE VOL 318 9 NOVEMBER 2007 after decarboxylation, the GNAT L strategy for chain initiation provides an additional mechanism to ensure fidelity of curacin A chain length. of kinetic data, and H. Liu for FTICR-MS technical assistance. This work was supported by NIH grants GM076477 (to D.H.S.) and DK42303 (to J.L.S. Tables S1 to S4 
